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We study the superconducting properties of the non-centrosymmetric compound LaNiC2 by measuring the
London penetration depth ∆λ(T ), the specific heat C(T, B) and the electrical resistivity ρ(T, B). Both ∆λ(T )
and the electronic specific heat Ce(T ) exhibit exponential behavior at low temperatures and can be described in
terms of a phenomenological two-gap BCS model. The residual Sommerfeld coefficient in the superconducting
state, γ0(B), shows a fast increase at low fields and then an eventual saturation with increasing magnetic field.
A pronounced upturn curvature is observed in the upper critical field Bc2(T ) near Tc. All the experimental
observations support the existence of two-gap superconductivity in LaNiC2.
PACS numbers: 74.70.Wz; 74.20.Rp; 74.25.Op
I. INTRODUCTION
The spatial-inversion and time-reversal symmetries of a
superconductor (SC) may impose important constraints on
the pairing states. Among the SCs discovered in the past,
most of them possess a center of inversion symmetry. In
this case, the Cooper pairs are either in an even-parity spin-
singlet or odd-parity spin-triplet pairing state, constrained by
the Pauli principle and parity conservation.1,2 However, the
tie between spatial symmetry and the Cooper-pair spins is vi-
olated in SCs lacking spatial inversion symmetry.3–7 In the
non-centrosymmetric (NCS) SCs, an asymmetric electrical
field gradient may yield an antisymmetric spin-orbit coupling
(ASOC), which splits the Fermi surface into two subsurfaces
of different spin helicities, with pairing allowed both across
each one of the subsurfaces and between the two. The par-
ity operator is then no longer a well-defined symmetry of the
crystal, and allows the admixture of spin-singlet and spin-
triplet pairing states within the same orbital channel.
NCS superconductivity has been intensively studied in a
few heavy fermion compounds, e.g., CePt3Si,8–11 CeRhSi3,12
CeIrSi313 and UIr.14 In these systems, the nature of supercon-
ductivity is complicated by its coexistence with magnetism
and the lack of inversion symmetry; both effects may give rise
to unconventional superconductivity. It is, therefore, highly
desired to search for weakly correlated, non-magnetic NCS
SCs to study the pure effect of ASOC on superconductiv-
ity. It has been demonstrated that, in Li2(Pd1−xPtx)3B, the
spin-singlet and spin-triplet order parameters can add con-
structively and destructively15. The mixing ratio in this com-
pound appears to be tunable by the strength of ASOC;15
Li2Pd3B behaves like a BCS SC, but Li2Pt3B shows evi-
dence of spin-triplet pairing state15–17 attributed to an en-
hanced ASOC.18 Recently, non-BCS-like superconductivity
with a possible nodal gap structure at low temperatures was
observed in Y2C319, in spite of its relatively weak ASOC. On
the other hand, evidence of multi-gap superconductivity was
shown in La2C320 and Mg10Ir19B16.21 The diversity of the su-
perconducting states in the NCS SCs requires more systematic
investigations in order to reach a unified picture.
LaNiC2, a simple metallic NCS SC,22 has recently drawn
considerable attention. However, the order parameter of this
compound remains highly controversial. Measurements of
specific heat23 and NQR-1/T124 suggested that LaNiC2 is a
conventional BCS SC which is further supported by theoret-
ical calculations.25 On the other hand, evidence of possible
nodal superconductivity was inferred from the recent penetra-
tion depth which follows ∆λ(T )∼ T n (n ≥2)26 and also from
the early measurements of specific heat by W. H. Lee, et al.27
Unconventional characteristics were also revealed from µSR
experiments in which the absence of time-reversal symme-
try was indicated.28,29 In order to elucidate the pairing state
of LaNiC2 here, we present a systematic study of the pene-
tration depth ∆λ(T ), the electronic specific heat Ce(T, B) and
the electrical resistivity ρ(T, B) on high quality polycrystalline
samples. We found that the temperature dependence of both
∆λ(T ) and Ce(T ) can be well described by a phenomenologi-
cal two-gap BCS model. The residual Sommerfeld coefficient,
γ0(B), increases fast at low fields and eventually saturates with
increasing magnetic field. Furthermore, the upper critical field
Bc2(T ) shows an upward curvature near Tc. All these obser-
vations resemble those of MgB2,30–33 strongly supporting a
two-gap SC in LaNiC2.
II. EXPERIMENTAL METHODS
Polycrystalline LaNiC2 was synthesized by arc melting.
A Ti button was used as an oxygen getter. Appropriate
amounts of the constituent elements (3N-purity La, 2N-purity
Ni and 3N-purity graphite) were pressed into a disk before
arc-melting. The ingot was inverted and remelted for several
times to ensure sample homogeneity. The derived ingot, with
a negligible weight loss, was annealed at 1050oC in a vacuum-
sealed quartz tube for 7 days, and then quenched into water at
room temperature.
A small portion of the ingot was ground into fine pow-
ders for X-ray diffraction (XRD) measurements on a X’Pert
PRO diffractometer (Cu K radiation) in the Bragg-Brentano
geometry. Measurements of the electrical resistivity, specific
heat and magnetization were performed in a 9T-PPMS and a
25T-MPMS (Quantum Design), respectively. Precise measure-
ments of the London penetration depth ∆λ(T ) were performed
utilizing a tunnel diode oscillator (TDO) technique34 at a fre-
quency of 7MHz down to 0.37K in a 3He cryostat.
III. RESULTS AND DISCUSSION
A. Sample characterizations
Fig.1 shows the XRD patterns of LaNiC2 which identify it
as a single phase. The Rietveld refinement confirmed an or-
thorhombic Amm2 structure (No. 38). The atoms of Ni (2b)
and C (4e) are alternatively stacked on the NiC2 plane but lose
the inversion symmetry, as shown in the inset of Fig.1. The de-
rived lattice parameters are given as a= 3.9599Å, b= 4.5636Å
and c= 6.2031Å, in good agreement with those reported in
literature.22
Fig.2(a) presents the temperature dependence of the elec-
trical resistivity ρ(T ) between 2K and 300K at B=0, which
shows simple metallic behavior above Tc. Observations of a
large residual resistivity ratio (RRR= ρ300K/ρ4K ≈26) and a
sharp superconducting transition (T ρc≈ 3.5K) suggest a high
quality of our samples. Fig.2(b) shows the temperature de-
pendence of the specific heat C(T )/T at B=0 and the zero-
field-cooling (ZFC) magnetization M(T ) (B= 10 Oe), respec-
tively. A pronounced superconducting transition seen in both
C(T )/T and M(T ) confirms the bulk superconductivity in
LaNiC2. The bulk Tc, derived from the specific heat (T Cpc =
2.75K) and the magnetization (T Mc = 3.1K), are slightly lower
than the resistive T ρc , which is likely due to the residual sample
inhomogeneity. It is noted that the magnetization M(T ) ex-
hibits temperature-independent Pauli-paramagnetic behavior
above Tc, ruling out any visible magnetic impurity in our sam-
ples. Furthermore, the above physical quantities were mea-
sured on different samples cut from the same batch; the con-
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FIG. 1: (Color online) The XRD patterns and crystal structure of
LaNiC2. Short vertical bars indicate the calculated reflection posi-
tions.
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FIG. 2: (Color online) Temperature dependence of the electrical re-
sistivity ρ(T ) (a), specific heat C(T )/T (b, left axis) and dc magne-
tization M(T ) (b, right axis) for LaNiC2. The electrical resistivity
and specific heat are measured at zero field, and the magnetization is
measured at 10Oe (ZFC).
sistent experimental results and fitting parameters, as shown
below, again indicate a good sample quality. Based on the
RRR value and the width of the superconducting transition,
our samples have a quality better or compatible with the best
samples reported in literature.26,27 The small value of γn=
7.7mJ/molK2 above Tc indicates the absence of strong elec-
tronic correlations in LaNiC2.
B. London penetration depth
The London penetration depth is an important supercon-
ducting parameter. The TDO-based technique can accurately
measure the temperature dependence of the resonant fre-
quency shift ∆ f (T ), which is proportional to the changes of
the penetration depth, i.e., ∆λ(T )= G·∆ f (T ). Here the G fac-
tor is a constant which is solely determined by the sample
and coil geometries.34 Fig.3(a) presents the temperature de-
pendence of the penetration depth ∆λ(T ) for LaNiC2, where
G= 11Å/Hz. In the left inset, ∆λ(T ) is plotted over the full
temperature range of our measurement from which a sharp
superconducting transition can be seen. In the main figure of
Fig.3(a), we show ∆λ(T ) at low temperatures, along with the
fittings of a quadratic temperature dependence (dashed line),
a conventional BCS model (dotted line) and a two-gap BCS
model (solid line). For an isotropic one-gap BCS model, the
penetration depth at T≪Tc is given by:
∆λ(T ) ≈ λ0
√
π∆0
2T
e−
∆0
T , (1)
where ∆0 is the energy gap at T=0; ∆0= 1.76Tc for the con-
ventional BCS SCs.
One can see from Fig.3(a) that the penetration depth at
low temperatures is not well described in terms of either the
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FIG. 3: (Color online) (a) Temperature dependence of the penetration
depth ∆λ(T ) at low temperatures for LaNiC2. The left inset shows
∆λ(T ) in the full temperature range of our measurement. The right
inset shows ∆λ(T ) vs. T 3.7 in the temperature range of 0.35K≤ T≤
1K. (b) Temperature dependence of the superfluid density ρs(T )=
[λ0/λ(T )]2. The inset shows ρs(T ) from Ref.26 with λ0= 1230Å and
3940Å, together with a fit of a two-gap BCS model (solid line). In
the main plots, the solid and dotted lines represent fittings of a two-
gap and conventional BCS model, respectively. The dashed line in
(a) shows a fit of ∆λ(T )∼ T 2 to the experimental data. The dashed-
dotted lines in (b) present the respective contributions to ρs(T ) from
the two superconducting gaps of ∆1 and ∆2.
conventional BCS model or the quadratic temperature depen-
dence; the latter is expected for superconductors with point
nodes. Instead, it can be fitted equally well by a power-law de-
pendence of ∆λ(T )∝ T 3.7 (right inset of Fig.3(a)), or by a two-
gap BCS model. Practically, the penetration depth of a two-
gap SC can be fitted by a power-law temperature dependence
with a large exponent of n>3, whose value may depend on the
fitting temperature region. In the following, we will analyze
the penetration depth and its corresponding superfluid density,
ρs(T ), in terms of the phenomenological two-gap BCS model,
which is further supported by the specific heat and the upper
critical field (see below).
According to the phenomenological two-gap BCS model,
which has been successfully applied to MgB2,30 the superfluid
density ρs(T ) can be expressed as:
ρs(T ) = xρs(∆1, T ) + (1 − x)ρs(∆2, T ), (2)
where x is the relative weight for ∆1. The normalized super-
fluid density for each band is given by
ρs(∆, T ) = 1 − 2T
∫ ∞
0
f (ǫ, T ) · [1 − f (ǫ, T )]dǫ, (3)
where f (ǫ, T )= (1 + e
√
ǫ2+∆2(T )/T )−1 is the Fermi distribution
function. Here we adopt the following temperature depen-
dence of the gap function:35
∆(T ) = ∆0 tanh[πTc
∆0
√
a
∆C
C
(Tc
T
− 1)], (4)
where ∆CC denotes the specific heat jump at Tc and a= 2/3.
In Fig.3(b), we plot the superfluid density ρs(T ) converted
from the penetration depth by ρs(T )= [λ0/λ(T )]2, where
λ(T )= λ0+ ∆λ(T ). The zero-temperature penetration depth,
λ0≈ 3940Å, is estimated from λ0= 1∆0Tc
√
Φ0 Bc2(0)
24γn , as derived
from both the BCS and Ginzburg-Landau theories for a type-
II SC.35 Here we take the experimental values of Tc= 2.75K,
BCp
c2 (0)≈ 0.48T and γn= 7.7mJ/molK2 from the specific heat(see below), and Φ0 is the flux quantum. Indeed, both the
penetration depth ∆λ(T ) and the superfluid density ρs(T ) can
be well described by the two-gap BCS model (solid lines),
from which we obtained the gap parameters of ∆10= 2.0Tc,
∆20= 1.0Tc and x=0.8. Tc= 2.7K is obtained from the best fit of
the superfluid density which is consistent with the penetration
depth drop. The individual contribution to the total superfluid
density ρs(T ) from the respective order parameters ∆1 and ∆2
is shown in Fig.3(b), from which one can see that the large
gap has a dominant contribution. For comparison, we replot
ρs(T ) from Ref.26 in the inset of Fig.3(b) which are converted
from the penetration depth data by using λ0= 1230Å (from
Ref.26) and 3940Å (in this study). The superfluid density
ρs(T ) from Ref.26 is in resonable agreement with our results
if λ0= 3940Å is used. Furthermore, one can also fit its super-
fluid density ρs(T ) by the two-gap BCS model at temperature
above 0.5K. The derived parameters of ∆10= 1.9Tc, ∆20= 0.7Tc
and x=0.75 are consistent with our results. As a first approx-
imation, two-gap-like superconductivity is expected in NCS
SCs with a moderate ASOC strength, in which the spin de-
generate bands are split by the ASOC, but the triplet compo-
nent is not yet dominant. Nevertheless, it is still possible that
a weak linear term of ∆λ(T ) may develop at very low temper-
atures as seen in Y2C3.19 At present, we cannot exclude such a
possibility in LaNiC2 as argued in Ref.26. More precise mea-
surements of the penetration depth at lower temperatures are
desired to resolve this issue.
C. Specific heat
In the upper inset of Fig.4, we plot the total specific heat
C(T ) as a function of temperature for LaNiC2, which was
obtained after subtracting the addenda contributions from the
raw data. At temperatures above Tc (3.5K≤T≤20K), C(T ) fol-
lows a polynomial expansion of C(T )= γnT+ B3T 3 + B5T 5 +
B7T 7, in which Ce=γnT and Cph= B3T 3 + B5T 5 + B7T 7 rep-
resent the electronic and phonon contributions, respectively.
This yields the Sommerfeld coefficient in the normal state,
γn= 7.7mJ/molK2, and the Debye temperature ΘD= 450K,
the latter being derived from B3= Nπ4RΘ−3D 12/5, where R=
8.314J/molK, N=4 and B3= 0.085mJ/molK4. The specific
heat jump at Tc, i.e., ∆C/γnTc=1.05, is lower than the BCS
value of 1.43, which might arise from the multi-gap structure
as seen in MgB2 or the gap anisotropy.32
In the superconducting state, the total heat capacity C is
the sum of a B-dependent electronic contribution Ce, a B-
independent lattice contribution Cph and a small B-dependent
Schottky contribution CS ch. We obtained the electronic spe-
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FIG. 4: (Color online) Temperature dependence of the specific heat
at zero field for LaNiC2. The upper inset shows the total specific
heat C(T )/T and its polynomial fitting of C(T )= γnT+ B3T 3+ B5T 5+
B7T 7. The main figure plots the electronic specific heat Ce(T )/T af-
ter subtracting the phonon contributions. The solid and dashed lines
present fittings of a two-gap and conventional BCS model, respec-
tively. The lower inset expands the low-T section of our work and
also the data from Ref.27.
cific heat Ce by subtracting the B-independent phonon con-
tribution Cph and B-dependent CS ch using the following two
methods. The first one is to directly subtract the phonon con-
tribution of Cph from the total heat capacity by
Ce(B, T ) = C(B, T ) −Cph(T ). (5)
In the second method, we calculate the electronic specific heat
Ce in the superconducting state by using the reference value
at B= 1T where superconductivity is suppressed, i.e.,32
Ce(B, T ) = C(B, T ) −C(1T, T ) + γn(1T) · T. (6)
Indeed, both methods give nearly identical results of Ce at
T<Tc, indicating that the B-dependentCS ch is negligible in the
temperature and magnetic field ranges of our measurements.
In the following, we will present the electronic specific heat
Ce(T ) derived from Eq.(5).
In Fig.4, we plot the electronic specific heat Ce(T )/T of
LaNiC2 at zero field, which shows an exponential-type behav-
ior at low temperatures, together with the fittings of conven-
tional and two-gap BCS models. For a system of independent
fermion quasiparticles, the entropy, S , can be calculated by31
S (∆, T )
γnTc
= − 6
pi2
∆(T )
Tc
∫ ∞
0
f (ǫ, T ) · ln f (ǫ, T )
+[1 − f (ǫ, T )] · ln[1 − f (ǫ, T )]dǫ. (7)
For a two-gap BCS SC, the entropy expression can be gener-
alized as follows:31
S (T ) = xS (∆1, T ) + (1 − x)S (∆2, T ). (8)
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FIG. 5: (Color online) Temperature dependence of the electronic spe-
cific heat Ce(T )/T at various magnetic fields for LaNiC2. The dashed
horizontal line represents γn. The magnetic field increases along the
arrow direction. The inset shows the electronic specific heat Ce(T )/T
at magnetic fields near Bc2(0).
Differentiation of Eq.(8) gives the total electronic specific heat
Ce in the superconducting state by Ce(T ) = TdS (T )/dT .
The specific heat data of LaNiC2 is fitted over a temperature
range of 0.35-1.5K. The two-gap BCS model (solid line) fits
much better than the conventional BCS model (dashed line),
as clearly seen in the lower inset of Fig.4. The former fitting
gives the parameters of ∆10= 2.3Tc, ∆
2
0= 1.25Tc and x=0.75
for ∆10, which are close to those obtained from the superfluid
density ρs(T ). For comparison, we also plot the specific heat
data derived in Ref.27 with our results in the lower inset of
Fig.4. Remarkably, these two sets of data are exactly the same.
It is noted that the original fits of Ce∼ T 3 from Ref.27 was
at relatively high temperatures, and a deviation exists in the
low temperature limit. For a two-gap SC, the interband cou-
pling ensures that the two gaps open at the same Tc. Usually,
the main contributions to both the electronic specific heat Ce
and the superfluid density ρs stem from the larger gap ∆1 at
temperatures just below Tc, but the physical behavior can be
modified at lower temperatures attributed to the opening of a
smaller gap ∆2.
In Fig.5, the temperature dependence of the electronic
specific heat Ce(T )/T is shown at various magnetic fields
for LaNiC2. Obviously, the superconducting transition is
shifted to lower temperatures, and becomes broadened with
increasing magnetic field, resembling that of the two-gap SC,
MgB2.32 The inset in Fig.5 describes the specific heat near
the upper critical field in detail. One can see that the super-
conducting transition still exists at B= 0.40T but vanishes at
B= 0.55T. This suggests a bulk upper critical field of BCp
c2 (0)<
0.55T, which is much lower than the resistive upper criti-
cal field (Bρ
c2(0)≈ 1.67T, see below). The underlying reason
for such a discrepancy remains unclear. Similar observations
were also made for other unconventional SCs. For instance,
the heavy fermion CeIrIn5 shows a much larger resistive Tc
(≈1.3K) than the bulk Tc (≈0.4K), resulting in a large differ-
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FIG. 6: (Color online) Magnetic field dependence of the residual
Sommerfeld coefficient plotted as γ0(B)/γn vs. B/Bc2(0) for LaNiC2
(this work), MgB232 and Nb77Zr23.37 The solid line shows the case of
nodal superconductivity, i.e., γ0(B)∝B1/2.
ence in the corresponding upper critical fields.36
The residual Sommerfeld coefficient in the superconduct-
ing state, γ0(B), which describes the low-energy quasiparti-
cle excitations, provides important insights into the supercon-
ducting pairing symmetry. In fully gapped BCS SCs, the low-
lying excitations are usually confined to the vortex cores and
the specific heat is, therefore, proportional to the vortex den-
sity which increases linearly with increasing magnetic field,
i.e., γ0(B)∝B.38 On the other hand, for a highly anisotropic
or gapless SC, the quasiparticle excitations can spread outside
the vortex cores which can, in fact, significantly contribute to
the specific heat at low temperatures. The local supercurrent
flow may give rise to a shift on the excitation energy (Doppler
shift), resulting in a distinct magnetic field dependence of the
density of state, N(EF), at the Fermi energy. In SCs with line
nodes, Volovik showed that N(EF ) ∝B1/2, leading to a square-
root field dependence of the residual Sommerfeld coefficient,
i.e., γ0(B)∝B1/2.39 In Fig.6, we present the normalized Som-
merfeld coefficient, γ0(B)/γn, as a function of B/Bc2(0) for
LaNiC2. Here the values of γ0(B) are determined at T= 0.35K
after subtracting the small non-zero fraction at zero magnetic
field. One can see that γ0(B) of LaNiC2 shows a fast increase
at low fields and then saturates with increasing magnetic field,
clearly deviating from the linear field dependence expected
for a conventional BCS SC like Nb77Zr23 (squares),37 and also
from the square-root field dependence expected for a nodal SC
(solid line). The curvature of γ0(B) is rather similar to that of
the prototypical two-gap SC, MgB2,32 and also the residual
thermal conductivity κ0/T of the multiband SC, PrRu4Sb12,40
providing another unambiguous evidence of two-gap super-
conductivity for LaNiC2.
D. Electrical resistivity and upper critical field
Fig.7 shows the temperature dependence of the electrical
resistivity ρ(T ) at various magnetic fields (B= 0-1.5T) for
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FIG. 7: (Color online) Temperature dependence of the electrical re-
sistivity ρ(T ) at various magnetic fields for LaNiC2.
LaNiC2. The superconducting transition is eventually sup-
pressed, and the transition width is slightly broadened upon
applying a magnetic field. The temperature dependence of the
upper critical field Bc2(T ) is plotted in the inset of Fig.8, in
which Tc is determined from the mid-point of the supercon-
ducting transition and the error bars are defined by 10% and
90% of the normal-state resistivity just above Tc.
For comparison, in Fig.8 we show the normalized up-
per critical field, Bc2/[Tc(dBc2/dT )Tc], vs. T/Tc for sev-
eral representative SCs, i.e., LaNiC2 (this study), MgB233
and Li2Pt3B.41 One can see that the upper critical fields
Bc2(T ) of LaNiC2, derived from both the specific heat (stars)
and the resistivity (squares), follow the same scaling be-
havior even though the corresponding Tc is different. We
fit the Bc2(T ) data of LaNiC2 with the Werthamer-Helfand-
Hohenberg (WHH) theory in the dirty limit.42 A clear devi-
ation is observed at low temperatures, and the experimental
value of Bc2(0) exceeds that of the WHH predictions. A posi-
tive curvature of Bc2(T ) near Tc and the enhancement of Bc2(0)
are typical features of multi-gap SCs, arising from the contri-
butions of the small gap at low temperatures. Indeed, the up-
per critical field Bc2(T ) of LaNiC2 remarkably resembles that
of MgB2,33 as seen in Fig.8.
To further characterize Bc2(T ), we analyze it in terms of a
two-gap BCS model. In the dirty limit, the upper critical field
Bc2(Tc) takes the following form:43
a0[ln t + U(h)][ln t + U(ηh)] + a1[ln t + U(h)]
+ a2[ln t + U(ηh)] = 0, (9)
where U(x)=ψ(1/2+x)-ψ(x), and ψ(x) is the di-gamma func-
tion. The asymptotic value of Bc2(0) can be obtained by the
following quadratic equation:
Bc2(0) = Φ0Tc2γ√D1D2
e
g
2 ,
g = ( λ
2
0
w2
+ ln2
D2
D1
+
2λ−
w
ln
D2
D1
)1/2 − λ0
w
, (10)
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FIG. 8: (Color online) Normalized upper critical field,
Bc2/[Tc(dBc2/dT )Tc ], versus T/Tc for LaNiC2 (this work), MgB233
and Li2Pt3B.41 Here the upper critical fields for LaNiC2 are taken
from the middle point of the resistive drops () and the specific heat
jumps (⋆) at Tc. The dashed and dotted lines show the fittings of
a two-gap BCS model and the WHH method, respectively. Inset:
the resistive upper critical field Bc2 versus T for LaNiC2, fitted by a
two-gap BCS model.
where t= T/Tc, h= Bc2D1/2Φ0T , Φ0 is the flux quantum,
η= D2/D1, λ±= λ11 ± λ22, w= λ11λ22 − λ12λ21, λ0= (λ2− +
4λ12λ21)1/2, a0= 2w/λ0, a1= 1+λ−/λ0 and a2= 1−λ−/λ0. Here
Dm represent the intraband diffusivity tensors by nonmagnetic
impurities scattering, and λmm′ are the BCS superconducting
coupling constants. As shown in Fig.8, the upper critical field
Bc2(T ) of LaNiC2 can be well described by the two-gap model
with the coupling constants of λ11=0.02, λ22=0.01, λ12=0.001
and λ21=0.1, and the intraband diffusivity ratio of η=12. The
derived upper critical field value is Bρ
c2(0)≈ 1.67T from the
electrical resistivity and BCp
c2 (0)≈ 0.48T from the specific heat,
respectively. In any case, the derived Bc2(0) for LaNiC2 is well
below the Pauli paramagnetic limit of BP
c2(0)= 1.86Tc≈ 6T, in-
dicating an orbital pair-breaking mechanism for LaNiC2.
E. Discussion
As described above, two-gap BCS superconductivity in
LaNiC2 has been evidenced from the penetration depth∆λ(T ),
the electronic specific heat Ce(T ), the residual Sommerfeld
coefficient γ0(B) and the upper critical field Bc2(T ), respec-
tively. Such a pairing state can be qualitatively interpreted
in terms of the ASOC effect as argued in many NCS SCs.
In LaNiC2, calculations of the electronic structure based on
the first-principles full-potential linearized augmented plane-
wave (FLAPW) method gave a band splitting of 3.1mRy,44
which is small in comparison with the heavy fermion NCS
SCs and also Li2Pt3B (see Table 1). In this case, the ASOC
only has a moderate effect on the pairing state; both the
spin-singlet and spin-triplet components may have compara-
ble contributions to the pairing state, naturally leading to the
behavior of two-gap-like superconductivity.
Nevertheless, it seems that the diverse behavior of the NCS
SCs, as summarized in Table 1, is difficult to be fully un-
derstood by a unified picture based on the ASOC effect.
The heavy fermion systems typically possess a sizeable spin-
orbit coupling which results in a large band splitting too.
In these compounds, an extremely large upper critical field
Bc2(0), well exceeding the paramagnetic limit, and evidence
of a dominant spin-triplet pairing state with line nodes in the
superconducting energy gap have been observed in the Ce-
based materials.8–10,12,13 These unconventional superconduct-
ing properties can be explained in terms of the ASOC effect,
even though the strong electronic correlations and magnetism
existing in these compounds may complicate the interpreta-
tion. Li2(Pd1−xPtx)3B provides a model system to study the
ASOC effect on superconductivity in the absence of inversion
symmetry.15 In Li2Pd3B, various measurements have demon-
strated BCS-like superconductivity.15–18 With increasing Pt
concentration, which corresponds to an increase of the ASOC
strength, the spin-triplet component eventually grows, show-
ing spin-triplet superconductivity in Li2Pt3B.15–17
Following the extensive studies of NCS SCs in recent years,
however, a growing number of compounds show properties
which cannot be simply interpreted in terms of the ASOC
effect. For example, the NCS SCs BaPtSi3,52 Re3W53 and
Ir2Ga9,54 in which a strong ASOC is expected from their large
atomic numbers, demonstrate conventional s-wave supercon-
ductivity. On the other hand, two-gap superconductivity has
been shown in Y2C3,19 La2C3,20 Mg10Ir19B16,21 BiPd50,51 and
LaNiC2 (this work). In Y2C3, evidence of line nodes was no-
ticed in the low temperature limit, even though the ASOC is
weak in this compound.19 According to the available experi-
ments, we are, besides Li2Pt3B, still short of examples show-
ing spin-triplet superconductivity in NCS compounds with
weak electron correlations. The ASOC can enhance the up-
per critical field which can nicely explain the extremely large
value of Bc2(0) and its anisotropy in the heavy fermion NCS
SCs.12,13,55 However, in the weakly correlated NCS SCs like
Li2Pt3B41 and BaPtSi3,52 Bc2(0) is rather small even though
the ASOC is strong in these compounds. Moreover, the upper
critical field Bc2(T ) of Li2(Pd1−xPtx)3B behaves similarly at
different doping concentrations and can be scaled by the cor-
responding Tc.41 In contrast, a large upper critical field Bc2(0)
is observed in Y2C3,19 La2C320 and Mo3Al2C,56 of which the
ASOC strength is relatively weak. All these experimental
facts seem to indicate that the ASOC effect may not be the
sole determining parameter of the superconducting properties
in NCS SCs. A systematic study, both experimental and theo-
retical, remains highly desired in order to elucidate the nature
of superconductivity in NCS compounds.
IV. CONCLUSION
In summary, we have systematically measured the low tem-
perature London penetration depth, specific heat and elec-
trical resistivity in order to probe the superconducting order
parameter in the weakly correlated, non-centrosymmetric su-
7TABLE I: Superconducting parameters in some major non-centrosymmetric superconductors. Since the ASOC strength is expected to be
proportional to the square of the atomic numbers for atoms on the NCS crystalline sites, we assign the band splitting EASOC with ”large” or
”small” by their atomic numbers in case that no band structure calculations are available.
Material Space Group Tc [K] Bc2(0) [T] γn [mJ/mol·K2] EASOC Pairing State Ref.
CePt3Si Tetragonal P4mm 0.75(max) 3.2(H ‖ c), 2.7(H ⊥ c) 390 200meV singlet & triplet 6,8–10
CeIrSi3 Tetragonal I4mm 1.6(max) 45(H ‖ c), 11(H ⊥ c) 100 4meV triplet 13,45,46
CeRhSi3 Tetragonal I4mm 1.05(max) 30(H ‖ c), 7(H ⊥ c) 110 10meV triplet 12,47
Li2Pt3B Cubic P4332 2.6 1.9 7 200meV triplet 15–18
Li2Pd3B Cubic P4332 7.6 6.2 9 30meV s-wave 15–18
LaNiC2 Orthogonal Amm2 2.75 1.67 7.7 42meV two-gap this work,44
Y2C3 Cubic I ¯43d 16 29 6.3 15meV two-gap 19,48
La2C3 Cubic I ¯43d 13.2 19 10.6 30meV two-gap 20,49
Mg10Ir19B16 Cubic I ¯43m 5 0.77 52.6 large two-gap 21
BiPd Monoclinic P21 3.8 0.8(H ‖ b) 4 large two-gap 50,51
BaPtSi3 Tetragonal I4mm 2.25 0.05 5.7 large s-wave 52
Re3W Cubic I ¯43m 7.8 12.5 15.9 large s-wave 53
Ir2Ga9 Monoclinic Pc 2.25 0.025 6.9 large s-wave 54
Rh2Ga9 Monoclinic Pc 1.95 type-I 7.9 small s-wave 54
Mo3Al2C Cubic P4132 9 15.7 17.8 small s-wave 56,57
Ru7B3 Hexagonal P63mc 3.3 1.7(H ‖ c), 1.6(H ⊥ c) 43.7 small s-wave 58
perconductor LaNiC2. It was found that both the penetra-
tion depth ∆λ(T ) and the electronic specific heat Ce(T ) show
exponential-like behavior at low temperatures which can be
fitted by a two-gap BCS model. The upper critical field Bc2(T )
is enhanced at low temperatures, as a result of the contri-
butions from the small superconducting gap. The residual
Sommerfeld coefficient, γ0(B), increases rapidly at low fields,
and eventually gets saturated with further increasing magnetic
field. All these experimental facts provide unambiguous ev-
idence for two-gap supercoductivity for LaNiC2. We argue
that such a superconducting state may arise from the mod-
erate ASOC strength in LaNiC2, which leads to a moderate
band splitting EASOC and a mixed pairing state with compara-
ble spin-singlet and spin-triplet pairing components.
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